Activation of the proteasome pathway is one of the secondary processes of cell damage, which ultimately lead to muscle degeneration and necrosis in Duchenne muscular dystrophy (DMD). In mdx mice, the proteasome inhibitor bortezomib up-regulates the membrane expression of members of the dystrophin complex and reduces the inflammatory reaction. However, chronic inhibition of the 26S proteasome may be toxic, as indicated by the systemic side-effects caused by this drug. Therefore, we sought to determine the components of the ubiquitin-proteasome pathway that are specifically activated in human dystrophin-deficient muscles. The analysis of a cohort of patients with genetically determined DMD or Becker muscular dystrophy (BMD) unveiled a selective up-regulation of the ubiquitin ligase tripartite motif-containing protein 32 (TRIM32). The induction of TRIM32 was due to a transcriptional effect and it correlated with disease severity in BMD patients. In contrast, atrogin1 and muscle RING-finger protein-1 (MuRF-1), which are strongly increased in distinct types of muscular atrophy, were not affected by the DMD dystrophic process. Knock-out models showed that TRIM32 is involved in ubiquitination of muscle cytoskeletal proteins as well as of protein inhibitor of activated STAT protein gamma (Piasγ) and N-myc downstream-regulated gene, two inhibitors of satellite cell proliferation and differentiation. Accordingly, we showed that in DMD/BMD muscle tissue, TRIM32 induction was more pronounced in regenerating myofibers rather than in necrotic muscle cells, thus pointing out a role of this protein in the regulation of human myoblast cell fate. This finding highlights TRIM32 as a possible therapeutic target to favor skeletal muscle regeneration in DMD patients.
Duchenne muscular dystrophy (DMD) is a recessive X-linked disorder affecting about one of every 3500 males, and it involves progressive muscle degeneration and weakness, causing premature death. The disease results from mutations of the DMD gene, which lead to deficiency of dystrophin, a 427 kiloDalton (kDa) protein found throughout the cytoplasmic face of the plasma membrane in both skeletal and cardiac muscles. Becker muscular dystrophy (BMD), a milder allelic form of the disease, is caused by a reduction in the amount of dystrophin or a change in its size. 1, 2 Dystrophin is an important structural component of skeletal muscle: it provides stability to the dystrophinglycoprotein complex (DGC) on the cell membrane and assures a link between the cytoskeleton and the extracellular matrix. Dystrophin deficiency is associated with a decrease in or even loss of the expression and membrane localization of members of DGC, such as sarcoglycans, dystroglycans, and syntrophins. Plasma membrane instability caused by loss of mechanical binding with cytoskeletal F-actin leads to disarray of the multimeric complex and diverts its components to proteolysis. 3 Misfolding, aggregation, and tissue accumulation of undesired proteins are common events underlying different diseases, and cells have developed complex and complementary pathways aimed at preserving protein homeostasis. These protective pathways include the unfolded protein response, the ubiquitin-proteasome system, the autophagic-lysosomal pathway, and the encapsulation of damaged proteins in aggresomes. 4 In skeletal muscle, the ubiquitin-proteasome system has an important role in the maintenance of muscle mass and proteasome dysfunctions are now linked to genetic primary myopathies. [5] [6] [7] We previously showed that in mdx mice, a naturally occurring mouse model of DMD, systemic treatment with the proteasome inhibitors (PIs) MG-132 or bortezomib (Velcade) up-regulated the membrane expression of DGC members and reduced the inflammatory reaction related to myofiber damage, thus improving the dystrophic phenotype. 3, 8, 9 Similarly, in golden retriever muscular dystrophy, bortezomib improved a few histopathological features of dystrophindeficient skeletal muscles and blocked the activation of the pro-inflammatory pathway triggered by phospho-nuclear factor kB. 10, 11 However, although bortezomib is used for the treatment of human relapsing multiple myeloma and mantle cell lymphoma, its elective application in the clinical setting is limited because of various troublesome side-effects (painful neuropathy in 430% of patients, thrombocytopenia, hypotension, fatigue). [12] [13] [14] Moreover, chronic generalized inhibition of the 20S subunit of the proteasome may be ineffective or even potentially deleterious, possibly because of undesirable accumulation of mutated proteins and unsustainable perturbation of cellular protein homeostasis (proteostasis). 5, 15, 16 Indeed, in skeletal muscle, proteasome activation is also involved in physiological processes such as muscle development, in which dramatic changes in protein expression and cell morphology rely on the turnover of regulatory and structural components. 17 Therefore, to identify selective therapeutic targets, it is essential to dissect the molecular cascade, which leads to the degradation of DGC proteins through the ubiquitinproteasome system pathway in dystrophin-deficient skeletal muscle.
In eukaryotic cells, the specificity of intracellular ubiquitinproteasome system protein degradation is achieved mainly by a specific substrate-marking system involving the heat-shock protein, ubiquitin (Ub). Protein ubiquitination is the result of sequential reactions catalyzed by three types of enzymes namely E1 (Ub-activating enzyme, 2 isoforms per cell), E2 (Ub-carrier protein, 20-40 isoforms per cell), and E3 (Ubligase protein, 500-1000 isoforms per cell), which recognize and bind target proteins, conferring substrate selectivity to this process. Ubiquitinated proteins are then rapidly recognized and cut into small peptides by the 26S proteasome. 18 Muscle RING-finger 1 (MuRF-1) and muscle atrophy F-box (MAFbx)/atrogin1 were identified more than 10 years ago as two Ub ligases induced during muscle atrophy. 18, 19 However, C terminus of Hsc70-interacting protein (CHiP), tripartite motif-containing protein 32 (TRIM32), neural precursor cell expressed developmentally down-regulated protein 4 (NEDD4) and neuralized-like protein 2 (Ozz) have also been shown to exert distinct physiological activities in skeletal muscle. [20] [21] [22] [23] The purpose of this study was to evaluate the expression of these Ub ligases/E3s in human dystrophin-deficient muscle tissues, as their selective modulation could represent a novel therapeutic strategy for ubiquitin-proteasome system regulation in DMD/BMD.
MATERIALS AND METHODS Muscle Biopsies
All human samples were collected after patients had signed informed consent forms in accordance with the requirements of the G. Gaslini Institute Ethics Committee. Tissue sections were isolated from muscle biopsies on the femoral quadriceps obtained for diagnostic purposes from six patients with DMD, eight patients with BMD, and six healthy individuals. The diagnosis of DMD or BMD was genetically confirmed.
Morphological score of BMD disease severity was established through standard hematoxylin & eosin (H&E) staining of tissue sections. The presence and degree of degeneration/ necrosis, fibrotic replacement, nuclear centralization, and hypercontracted muscle fibers were blindly quantified according to arbitrary criteria by two independent morphologists.
Proteasome Activity
The 26S chymotryptic proteasome activity was determined by the cleavage of specific fluorogenic substrates in skeletal muscle tissue from six DMD patients and four healthy controls. Briefly, the tissue was homogenized in 20 mmol/l Tris-HCl, pH 7.2, containing 0.1 mmol/l EDTA, 1 mmol/l 2-mercaptoethanol, 5 mmol/l ATP, 20% glycerol, and 0.04% (v/v) Nonidet P-40. Muscle homogenates were then centrifuged at 13 000g for 15 min at 4°C. The supernatant was collected and the protein concentration determined. Aliquots of 100 μg protein were then incubated for 60 min at 37°C with a specific fluorogenic substrate (Suc-Leu-Leu-Val-Tyr-7-AMC; Sigma-Aldrich, Milan, Italy) in 50 mmol/l Hepes, pH 8.0, 5 mmol/l EGTA buffer. Fluorescence was assessed with spectrofluorometer (380 nm excitation, 460 nm emissions; Perkin-Elmer, Norwalk, CT, USA). The activity, obtained by measuring the release of free AMC, is expressed as relative fluorescence units and reported as medians and first/third quartiles (Q1, Q3); Po0.05 was considered significant.
RNA and Protein Extraction
Total RNA and total proteins were extracted from skeletal muscle tissue samples (from 20 to 55 mg) of six healthy controls, six DMD, and eight BMD patients using the RNeasy Lipid Tissue Mini Kit (Qiagen, Milan, Italy) according to the manufacturer's protocol including DNase treatment. Quality and quantity of RNA were analyzed using a Thermo Scientific NanoDrop 1000 Spectrophotometer.
Total protein fractions were isolated from the organic phase of QIAzol Reagent-treated samples during the lipid extraction of RNA. This protocol requires a protein precipitation step with isopropanol and a series of purifications with guanidine-ethanol solution. The pellet containing proteins was finally resuspended with 500 μl of UREA/DTT solution. Protein concentration was determined by the Bradford protein assay. Isolation of Peripheral Blood Mononuclear Cells (PBMCs) Mononucleated cells were purified from 5 ml of venous peripheral blood from three healthy controls, three patients affected by BMD, and two patients affected by DMD after obtaining their informed consent. Cells were isolated by density gradient centrifugation with Lympholyte-H separation medium (Cedarlane, Burlington, Canada) following manufacturer's instructions. Total RNA from PBMCs was extracted using the RNeasy Mini Kit (Qiagen) according to the manufacturer's protocol including DNase treatment. Quality and quantity of RNA were determined using a NanoDrop spectrophotometer. The cDNA was synthesized from 400 ng of total RNA with the iScript cDNA Synthesis Kit (Bio-Rad). Each RNA sample was checked for genomic DNA contamination.
Quantitative PCR Quantitative real-time PCR (qRT-PCR) was carried out on RNA extracted from skeletal muscle tissue of patients or controls. The cDNA was synthesized from 350 ng of total RNA with the iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Milan, Italy). Each RNA sample was checked for genomic DNA contamination without reverse transcriptase addition into cDNA synthesis mixture. qRT-PCR was run in triplicate with the 2 × Sso Fast EvaGreen Supermix (BioRad) in a CFX96 Real-time PCR detection system (Bio-Rad). The 15 μl PCR mixture contained diluted cDNA corresponding to 8.75 ng of total RNA and 0.25 μM of each primer. TRIM32 relative expression levels were normalized to a calibrator sample by using the comparative Ct (ΔΔCt) method, and to the geometric average of a set of two housekeeping genes by the Bio-Rad CFX manager software, version 3.1. 24, 25 For each specific primer set, the efficiency was 495% and a single product was seen on the melting curve analysis. Specific primers for human TRIM32 (NM_012210), human myosin-heavy chain, MYH1 (NM_005963), human actin, alpha 1, skeletal muscle, ACTA1 (NM_001100) were designed with Beacon Designer 2.0 Software. TRIM32-F 5′-GG CTCTGTAGGCCCTGATG-3′, TRIM32-R 5′-TGCAGCGGAA ATCCTCATTC-3′; MYH-F 5′-GAAGGAAGGCATTGAGTG-3′, MYH-R 5′-TTGAAGGAGGTGTCTGTC-3′; ACTA-F 5′-TATC GAGCACGGCATCATCA-3′, ACTA-R 5′-TAAATGGGCACGT TGTGGGT-3′.
Western Blot Analysis
Equal amounts of proteins (80 μg) mixed with 4 × -sodium dodecyl sulfate (SDS) gel-loading buffer (100 mM Tris-HCl pH 6.8, 200 mM dithiothreitol, 4% SDS, 0.2% bromophenol blue, 20% glycerol) and denatured at 95°C for 5 min, were loaded into each lane and resolved in 12% SDSpolyacrylamide gel.
The proteins were blotted on PVDF membranes (Immobilon PVDF, Millipore), which were then blocked in 5% bovine serum albumin (BSA) in PBS Tween 0.05% (PBSt). Membranes were probed with primary antibodies Secondary antibodies were conjugated to alkaline phosphatase (Promega, Milan, Italy). Band intensities were analyzed using ImageJ software, version 1.45 (National Institutes of Health). The signals were developed using CDP-Star substrate (Life Technology, Monza, Italy). An antibody anti-GAPDH (MW 37 kDa, Sigma, Milan, Italy) was used as a loading Figure 1 The 26S proteasome activity was significantly increased in DMD muscle lysates when compared to healthy controls. (a) Proteasome activity was evaluated in total lysates from the muscle biopsies of six DMD and four healthy controls by means of specific fluorogenic substrates. Each column represents the median ± Q1, Q3 of relative fluorescence units; **Po0.01 controls vs DMD. (b) Muscle lysates from four controls (C), four BMD and four DMD patients were separated by SDS-PAGE, and subjected to immunoblot analysis with a primary anti-20 S proteasome core subunits antibody. GAPDH was utilized as a loading control (37 kDa). Representative images are shown.
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control. The MuRF-1 antibody was raised against rat MuRF-1, as previously described. 18, 19 Immunofluorescence Staining Unfixed 5-μm-thick cryosections of skeletal muscle biopsies from six DMD patients, eight BMD patients, and six agematched healthy controls were incubated in Da Vinci Green Diluent (BioCare Medical, Concord, CA, USA) for 10 min at room temperature (RT). Sections were incubated with 1:75 dilution of a monoclonal antibody anti-human TRIM32 (Abnova Corporation, Taipei, Taiwan), 1:20 dilution of a monoclonal antibody anti-human developmental type myosin-heavy chain antibody (Novocastra, Newcastle upon Tyne, UK), 1:20 dilution of a monoclonal antibody anti C5b-9 (Dako, Glostrup, Denmark) overnight at RT, washed three times with phosphate buffered saline (PBS), and incubated with 1:750 dilution of secondary antibodies AlexaFluor antimouse IgG 1 -488 and AlexaFluor anti-mouse IgG 2 -546 (Invitrogen, Camarillo, CA, USA) for 1 h at RT. Sections were washed three times with PBS, slides were mounted with Vectashield Mounting Medium (Vector Laboratories, Burlingame, CA, USA) and examined under a TCS SP8 confocal microscope (Leica).
Statistical Analysis
The distribution of analyzed variables was confirmed by the Shapiro-Wilk test. For parametric measures, values were expressed as means ± standard deviations, and differences were evaluated by Student's T test. For non-parametric variables, data were expressed as medians with first and third quartiles (Q) and differences were analyzed by nonparametric Mann-Whitney U test. A P value o0.05 was considered as statistically significant.
RESULTS

TRIM32 Protein Content is Increased in Femoral Quadriceps of DMD Patients
Proteasome activities (chymotrypisn-, trypsin-, and caspaselike) are overall increased in the hindlimb muscles isolated from the two available DMD mouse models, the mdx and the double utrophin/mdx knock-out mice. 6, 8, 9 To confirm the relevance of this observation in human DMD, we determined via a standard proteasome activity assay that the chymotrypsin-like 26S proteasome activity was six times higher in the muscle biopsies of six genetically determined DMD patients than in four healthy controls ( Figure 1 ). We next quantitated the protein levels of the Ub ligases Atrogin1, CHiP, MuRF-1, NEDD4, Ozz, and TRIM32 in muscle lysates of six DMD patients. TRIM32 resulted to be increased by approximately ninefold, whereas the other E3s were not affected (Figures 2a and b) .
TRIM32 induction was further confirmed by immunofluorescence studies: in control sections of six healthy individuals, TRIM32 was characterized by an extremely weak cytoplasmic staining, whereas in DMD patients it displayed an intense signal, particularly pronounced in organized clusters of muscle fibers and it showed a more specific subsarcolemmal localization (Figure 3) . When all myofibers were blindly counted in the whole section,~12.5% (11.1-20) , (median (Q1-Q3)) showed an intense TRIM32 signal (Figures 3a and  b ; Table 1 ).
TRIM32 up-regulation was partially due to a transcriptional effect since TRIM32 transcript levels were increased by Evagreen on RNA extracted from the muscle biopsy of five controls and six DMD patients. The levels of expression of TRIM32 were normalized with two housekeeping genes: MYH1, adult skeletal muscle myosin-heavy chain 1; ACTA1, skeletal muscle actin, alpha 1. Each column represents the median ± Q1, Q3; *Po0.05 controls vs DMD.
TRIM32 ubiquitin ligase in Duchenne muscular dystrophy S Assereto et al fivefold in muscles isolated from six DMD patients compared with five healthy controls (Figure 3c) . Finally, the induction of TRIM32 transcripts seemed tissue-specific as it was not observed by qPCR in peripheral mononuclear cells isolated from DMD patients and healthy controls (data not shown).
TRIM32 Protein Content is Increased in Regenerating Fibers
To correlate TRIM32 induction with different stages of dystrophinopathy, TRIM32 levels were analyzed in skeletal muscle tissue samples isolated from BMD patients ( Table 2) . BMD is a milder form of dystrophinopathy and is caused by in-frame mutations of the DMD gene. BMD is characterized by a wide phenotype range, and patients may display much milder weakness, with onset in middle or late adulthood and/or limited to the quadriceps muscles. 1 Western blot analysis of eight BMD patients displaying muscular phenotypes with various degrees of severity showed that TRIM32 up-regulation was almost undetectable in the mildest BMD case (B1), whereas it was pronounced in the most severe one, being almost equivalent to a DMD patient (B8) (Figure 4c ).
In immunohistochemistry, BMD sections with a highly compromised morphology displayed up to 20% TRIM32 positive fibers as compared with normal controls, which were substantially negative (Figures 4a and b) . Intriguingly, as observed in DMD, most TRIM32 positive cells were grouped in clusters of small myofibers with central vacuolated nucleii, which are usually observed in regenerating myoblasts.
Consistently, TRIM32 signal co-localized with the regeneration marker developmental type myosin-heavy chain (MHCd, Figure 5 ), whereas it was not detected in necrotic myofibers positive for the degeneration marker C5b-9 (data not shown).
DISCUSSION
Recent evidence indicates that pharmacological treatments interfering with the ubiquitin-proteasome pathway in experimental in vitro and in vivo models of muscular dystrophies, such as sarcoglycanopathies, dysferlinopathies, and merosin-deficiencies, might prevent the removal of mutated proteins, promote functional recovery and improve the dystrophic phenotype associated with these disorders. [26] [27] [28] [29] [30] [31] [32] [33] However, degradation of proteins by the ubiquitinproteasome is a complex ATP-dependent multistage process Abbreviations: Del, deletion; Hypercontr., hypercontracted fibers.
TRIM32 ubiquitin ligase in Duchenne muscular dystrophy S Assereto et al that requires ubiquitination of the target protein by selective Ub ligases before its degradation. The exact molecular players involved in the activation of the ubiquitin-proteasome in the different muscular disorders are only partially known. 34 Here, we showed that human skeletal muscle affected by dystrophin deficiency displays a selective induction of the Ub-ligase TRIM32. In contrast, atrogin1 (also known as F-box only protein 32, FBXO32) and MuRF-1 (TRIM63), the two Ub ligases strongly induced in different types of muscular atrophy, 19 were not affected by the DMD dystrophic process.
TRIM32 is member of the tripartite-motif (TRIM) family of proteins. 21, 35 The TRIM motif includes three zinc-binding domains, a RING-finger, a B-box type 1, and a B-box type 2, plus a coiled-coil region, and six NHL domains. TRIM32 is widely expressed in numerous tissues 36 and its importance in skeletal muscle homeostasis has already been established as point mutations were reported in autosomal recessive limbgirdle muscular dystrophy type 2H (LGMD2H) (MIM254110), first described in the Manitoba Hutterite population. 37 So far, seven mutations in the TRIM32 gene have been linked to LGMD2H: six of them [38] [39] [40] [41] [42] [43] are clustered in the NHL domain at the C-terminal end and affect highly conserved residues. (Table 2 ) and two DMD patients (D) were separated by SDS-PAGE and subjected to immunoblot analysis with primary antibody directed against TRIM32 (72 kDa). The data show that TRIM32 was increased in B8, i.e. the BMD patient with the most severe phenotype, and in DMD samples when compared to controls. GAPDH was utilized as a loading control (37 kDa).
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In addition to LGMD2H, TRIM32 mutations can cause Bardet-Biedl syndrome, 44 which is characterized by retinal degeneration, obesity, cognitive impairment, renal, and cardiovascular anomalies. Finally, selective up-regulation was reported in several types of cancer, 45 in the occipital lobe of patients with Alzheimer's disease 46 , and in psoriatic lesions. 47 In skeletal muscle, TRIM32 exerts pleiotropic effects, presumably depending on the distinct state of differentiation The Ub-ligase is involved in the ubiquitination of tissue-specific targets including myosin, actin 48 and dysbindin. 49 During muscle wasting, it catalyzes the loss of thin filaments and Z-band components through the regulation of the cytoskeletal protein, desmin, thus contributing to the disorganization of the cytoskeleton. 50 TRIM32 may also influence muscle mass as its inhibition in normal myotubes enhances Phospho-Inositol-3Kinase (PI3K)-Akt-FoxO signaling by preventing the dissociation of plakoglobin from PI3K-p85. 51 Surprisingly, TRIM32 knock-out mice display a myopathy, which has been mainly attributed to impaired muscle growth with satellite cell senescence and premature sarcopenia. 52 In the two experimental models of muscle atrophy (fasting and disuse) and upon cardiotoxin-induced acute tissue damage, TRIM32 is selectively increased in satellite cells and regenerative/regrowth areas. Here, the Ub-ligase controls the turnover of at least three proteins, c-myc, N-myc downstream-regulated gene (NDRG2), and E3 SUMO ligase Piasy [53] [54] [55] , whose accumulation results in decreased myoblast proliferation and delayed-cell cycle withdrawal during myogenic differentiation. 53, 56 Our results demonstrated that, in human dystrophindeficient tissue, TRIM32 is selectively up-regulated in clusters of regenerative myofibers suggesting that the biological action of this Ub-ligase, in human dystrophic muscle, consists in a favourable induction of muscle growth rather than enhancement of muscle damage.
In this context, TRIM32 increase in DMD is consistent with the physiopathology of the disorder in which unrelenting, recurrent myofiber impairment elicits a constant need for regeneration. The rapid onset of muscle damage observed in DMD patients has been related, at least in part, to the depletion of functional muscle stem cells, which is the result of the continuous degeneration/regeneration cycling that occurs in their skeletal muscles due to plasma membrane instability and leakiness. Exhaustion of this regeneration potential ultimately leads to replacement of the skeletal muscle with adipose and fibrotic connective tissue. 57 TRIM32-related mechanisms of action in satellite cells in DMD and possibly in other muscular dystrophies are particularly intriguing as there are multiple experimental strategies aimed at enhancing the regeneration of skeletal muscle in these disorders.
Moreover, the induction of a Ub-ligase in the pool of regenerative fibers further emphasizes the complexity of the regulation of intracellular protein homeostasis in pathological conditions. Future studies aimed at shaping proteostasis in DMD will have to consider that an excessive activation as well as a substantial inhibition of protein degradation, can concur to muscle degeneration by different mechanisms. 5 
